We present the first direct imaging of a new hydrogel of lipid membranes containing polymer lipids. Freeze-fracture electron microscopy shows unambiguously that the hydrogel's surprisingly large viscoelasticity is explained by a novel defect topology of interconnections between defects. The defects are spherulites with high membrane curvatures which are either isotropic or cylinderlike. A lower concentration of dislocation-type defects was also observed. The interconnections between the defects distinguish the hydrogel from simple "onion" phases of multilamellar vesicles with a smaller viscoelasticity. [S0031-9007(97) PACS numbers: 61.72. Ff, 61.16.Bg, 68.10.Et Polymer hydrogels constitute an important class of "soft" materials with uses as implants and tissue replacements, drug delivery systems, and bioseparation media [1, 2] . In particular, materials based upon lipids and polyethylene glycol (PEG) have biomedical applications due to low immunogenicity (e.g., "stealth liposomes") [1, 3, 4] . When PEG polymers are covalently attached to lipids, PEG-lipids are created.
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We present the first direct imaging of a new hydrogel of lipid membranes containing polymer lipids. Freeze-fracture electron microscopy shows unambiguously that the hydrogel's surprisingly large viscoelasticity is explained by a novel defect topology of interconnections between defects. The defects are spherulites with high membrane curvatures which are either isotropic or cylinderlike. A lower concentration of dislocation-type defects was also observed. The interconnections between the defects distinguish the hydrogel from simple "onion" phases of multilamellar vesicles with a smaller viscoelasticity. [S0031-9007(97)03388 -7] PACS numbers: 61.72.Ff, 61.16.Bg, 68. 10.Et Polymer hydrogels constitute an important class of "soft" materials with uses as implants and tissue replacements, drug delivery systems, and bioseparation media [1, 2] . In particular, materials based upon lipids and polyethylene glycol (PEG) have biomedical applications due to low immunogenicity (e.g., "stealth liposomes") [1, 3, 4] . When PEG polymers are covalently attached to lipids, PEG-lipids are created.
A new system with potential applications (tissue healing, drug delivery, or cosmetics applications) is the PEGlipid "lamellar hydrogel L a,g ." Warriner et al. recently used x-ray diffraction, polarized light microscopy, and rheometry to study this new hydrogel composed of multiple layers of surfactant membranes and small amounts of a polymer lipid (Fig. 1) [5] . The hydrogel possesses a surprisingly high viscoelasticity, higher than that of multilamellar vesicle phases (MLVs or "onions," concentric shells of lipid membranes). The hydrogel also differs from "onion" phases in that it remains a single-phase gel at high water dilution (90%) and becomes more viscoelastic upon dilution. Using freeze-fracture electron microscopy and polarized optical microscopy, we show that the hydrogel's high viscosity is linked to a proliferation of membrane defects interconnected by bilayer sheets. The liquid-to-gel phase transition is driven by mesoscopic topological defects rather than by changing molecular properties.
X-ray diffraction of the hydrogel found that the lipids' hydrocarbon chains remain liquidlike in both the liquid and gel phases (Fig. 1) . Thus, the addition of a PEGlipid does not affect bilayer fluidity, and, unlike L b 0 gels, gelation is not due to in-plane ordering of the lipids [5] . PEG-lipid molecules diffuse freely in the plane of the membrane. Bilayers in this study are constructed of 4:1 pentanol:lipid, where the lipid is dimyristoylphosphatidylcholine (DMPC) and PEG-lipid. Pentanol reduces the bending rigidity of the lipid membranes ͑k ഠ k B T ͒ and increases thermal membrane undulations [7] . The PEGlipid's PEG head has a molecular weight of 2053 g͞mol and its lipid base is dimyristoylphosphatidylethanolamine (DMPE). The addition of a PEG-lipid to flexible lipid bilayers creates a hydrogel.
An unusual aspect of the hydrogel is an increase in viscoelasticity upon dilution with water, opposite the behavior of gels of isotropically dispersed polymer [5] . The weight fraction of water, F water , is plotted vs conc PEG-lipid c PEG 100 3 (number PEG-lipid molecules)͞(total number lipid molecules). The sample is biphasic (lamellae and excess water) only at very high water concentrations. In contrast, gels of frozen-chain L b 0 phase bilayers have an excess water phase at .40% water [6] . At low water fractions ͑F water # 45%͒, membranes are separated by d water ഠ 25 Å which is too small to incorporate a swollen PEG polymer, and the system separates into two phases, lamellar and isotropic [5] . The hydrogel is reached from the liquid phase by dilution or by addition of PEG-lipid. Samples A, B, C, D, E, and F were investigated by freezefracture electron microscopy and polarized optical microscopy. Sample A contained F water 80% and c PEG 0.3%; sample B: F water 77% and c PEG 4.19%; sample C: F water 81% and c PEG 7.7%; sample D: F water 64% and c PEG 1.15%; sample E: F water 64% and c PEG 3.05%; and sample F: F water 60% and c PEG 8.1%.
networks. Defects inhibit flow and lead to gelation. To elucidate the mechanism of gelation and the defect structure on length scales from ϳ10 nm to 1 mm, we combined freeze-fracture electron microscopy and polarized optical microscopy. Freeze fracture was performed as in Chiruvolu et al. [8] and the replicas processed as in Fetter and Costello [9] , except that they were bathed in ethanol and retrieved on formvar-coated microscopy grids. Replicas were imaged in a transmission electron microscope JEOL100CX at an accelerating voltage of 100 keV.
As PEG-lipid concentration increased across the liquidto-gel transition (gray arrow, Fig. 1 ), domain sizes of lamellar regions decreased. Membrane bilayers became more curved and organized into defects interconnected by additional bilayers (Fig. 2) . By electron microscopy, sample A (Fig. 1) in the liquid, low-viscosity phase exhibited predominantly well-ordered, gently curving lamellae seen edge on at the star in Fig. 2(a) . In places without defects, the micrograph was filled with long, parallel sheets of membranes, spanning microns. Lamellae were occasionally interspersed with spherulite defects [ Fig. 2(a) , arrows]. Spherulites are essentially multilamellar vesicles (or type-II focal conics with the defining hyperbola reduced to a line and the ellipse reduced to a point [10] ). Spherulites were typically ϳ1 mm and were occasionally ellipsoidal and anisotropic or showed the rugby-ball ends of a general type-II focal conic. The spherulites themselves are thermodynamically stable. Lamellae without defects were rare, which is not surprising since the samples were not annealed [11] .
At the transition from the low-viscosity liquid to the high-viscosity gel, sample B (Fig. 1) had a higher defect density than the fluid sample A. Regions of smaller, highcurvature spherulite defects ϳ0.5 mm [ Fig. 2(b) , arrow] were embedded in lamellae so that they were connected by a network of bilayer sheets. When the fracture followed a connecting sheet, the spherulite structure below was visible [ Fig. 2(b), star] . Thick, planar stacks of lamellar bilayers were less common in this transition sample than in the fluid.
Deep within the viscous gel phase, sample C (Fig. 1 ) had a high defect density. The most common morphology was polydisperse, ϳ0.2 mm spherulites (both isotropic and anisotropic) connected by additional membranes and filling all volume [ Fig. 2(c) , arrow]. Spherulites were often distorted by tightly packed neighbors or their interior layers were bent into crescents [ Fig. 2(c) , stars]. Although nearly cylindrical and anisotropic spherulites were common; large and well-aligned ones were uncommon. Some appear in Fig. 3 (a) (stars) among smaller spherulites (black arrow) and connecting bilayers (white arrow). Well-ordered or undulating lamellae [ Fig. 3(b) , stars] were rare. Some lamellar regions ended in disclination defects [ Fig. 3(b) , arrow].
The origin of the hydrogel's high viscoelasticity is revealed directly by the electron micrographs above. First, the interconnections between the spherulite defects give rise to an infinite network. Second, the random layer orientations inherently lead to elasticity because layers of membranes normal to the flow direction will resist shear [12] . Gelation is not due to entanglement of PEG. If this were true, the viscoelasticity would decrease with dilution instead of increasing. These electron microscopy observations are consistent with the model of Warriner et al. that the PEG-lipid diffuses in the plane of the membrane and segregates into curved regions stabilizing spherulite defects [5] . The micrographs of spherulites within a network of membranes are reminiscent of those seen in another swollen phase with low bending rigidity [13] .
In polarized microscopy, the liquid phase (sample A, Fig. 1 ) exhibited "oily streaks" which were possible to anneal, characteristic of fluid bilayers [ Fig. 2(d)] [11] . The background was black, indicative of oriented lamellae without defects. At the transition from the liquid to the gel phase (sample B, Fig. 1), whispy lines [Fig. 2(e) ] and strings of very small ͑,10 mm͒ extinction crosses appeared [ Fig. 2(e), arrow] . Aligned, elongated spherulites would produce whispy lines. Alignment of interconnected spherulites may arise because the mixture is subjected to shear during preparation for polarized microscopy. In the gel phase (sample C, Fig. 1 ), the whispy texture became more uniform and sheetlike [ Fig. 2(f) , star], interspersed with extinction crosses [ Fig. 2(f) , arrow] produced by spherulites. The uniform gray background may have been due to unresolvable crosses. The defect structure in the gel (sample C) and in the transition sample (B) could not be annealed as in the liquid sample (A).
In previous work, x-ray diffraction determined that the lipid hydrocarbon chains were melted, and monitored the distance d, between membranes [5] . In the current work, the width of the first lamellar peak (001) was extracted. A wider peak indicates the average lamellar domain size was smaller. X-ray results confirm the electron microscopy conclusions: As the system becomes more viscous, there is an increase in defect density and a concomitant decrease in domain size. The (001) peak width increased from 0.0034 6 0.0005 Å 21 (for sample A with d 155 6 4 Å) to 0.0061 6 0.0005 Å 21 (for sample C with d 188 6 6 Å). The average lamellar domain was 2200 6 200 Å for sample A and 1000 6 200 Å for sample C [14] .
To ascertain that the hydrogel was different from densely packed multilamellar vesicles [15] , we prepared MLVs of dimethyldioctadecyl-ammonium bromium (DDAB, Avanti Polar Lipids, Alabaster, Alabama, purity of .99%) with 95% water [16] . By electron microscopy, a striking difference was the lack of membrane interconnections between spherulites in the onion phase [ Fig. 3(c) ]. Some anisotropic MLVs were found [ Fig. 3(c) , arrow], but never aligned as in the gel phase [ Fig. 3(a) ]. Crescent-shaped MLVs [ Fig. 3(c) , star] appeared similar to distorted spherulites in the gel phase [ Fig. 2(c) , stars]. By polarized microscopy, extinction crosses characteristic of spherulites were observed as expected [ Fig. 3(d ) ] [15] , but no whispy textures of the PEG-lipid hydrogel were observed. The cloudy background differed from the gel's sheetlike texture; it was due to resolvable extinction crosses out of the focal plane.
At low-water content ͑ഠ60%͒, a liquid, low-viscosity phase existed at all concentrations of PEG lipid studied (black arrow in Fig. 1 ). Electron microscopy revealed planar lamellar sheets which could slide with low viscosity [ Figs. 4(a) and 4(b) ]. Large defects ͑$1 mm͒ with highly curved regions were rare. By polarized microscopy, few features were visible, consistent with electron microscopy observations. Before annealing, strings of extinction crosses followed the flow into the capillary during preparation [Figs. 4(c) and 4(d) , arrows]. When annealed, the samples were black. No whispy or sheetlike textures of the gel phase appeared. By x-ray diffraction, the interlayer distance d was 85-89 Å and the (001) peak width 0.0023 6 0.0005 Å 21 [5] . Since this is smaller than peak widths of previous samples, the domain size of the lowwater samples is larger, confirming electron microscopy observations.
By electron microscopy we discovered ϳ40 nm bumps and divots in the membrane of the low-water samples. Their rounded shape implies that these features were inclusions in the membranes and not pores. The number of inclusions, but not their size, increased with the concentration of PEG lipid from sample E [ Fig. 4(a) ] to sample F [ Fig. 4(b) ], indicating they may be regions of higher PEG-lipid density. Inclusions often marked screw dislocations [ Figs. 4(a) and 4(b) , arrows]. In sample F, inclusions decorated the steps from one lamellar membrane layer to another [4(b) , circles]. It is possible that the inclusions nucleated spherulite defects seen at higher water concentrations.
Freeze-fracture electron microscopy, polarized optical microscopy, and small-angle x-ray scattering show that the PEG-lipid hydrogel is characterized by a high defect density. Defects are connected by a network of bilayers responsible for a high viscosity and elasticity. At lowwater content, when the system is a low-viscosity liquid rather than a gel, we discover small ͑ϳ40 nm͒ inclusions in the membrane which can stabilize screw dislocations and may nucleate the hydrogel's defects.
